Photocatalytic degradation of toxic organic pollutants is one of the challenging tasks in ecological and environmental protection. Recent researches show that the magnetic iron oxide semiconductor composite photocatalytic system can effectively break through the bottleneck of single-component semiconductor oxides that have low activity under visible light and challenging to recycle from the products. With high reactivity in the visible light, magnetic iron oxide semiconductors can be exploited as an important magnetic recovery photocatalyst (MRPs) with a bright future. On this regard, the types of various composite structure, charge-transfer mechanism and outstanding properties of magnetic iron oxide semiconductor composite nanomaterials are sketched. The latest synthesis methods and recent progresses in the photocatalytic applications of magnetic iron oxide semiconductor composite nanomaterials are reviewed. The problems and challenges that still need to be resolved are pointed out and the development strategies are discussed.
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Introduction
Our surrounding environment becomes more polluted, and the traditional chemical methods to deal with environmental pollution have been unable to meet the requirements of modern energy-saving theme and environmental protection. Environmental problems induced by toxic and hardly-degradable organic pollutants (such as halides, dioxins, pesticides, dyes, etc.) have posed a grave menace to human well-being and development in 21st century. Photocatalysis refers to the rate of photoreactions (oxidation/reduction) brought by the activation of a catalyst, usually a semiconductor oxide and illuminated under the ultraviolet (UV) or visible light. Use of semiconductor oxide nanomaterials-based photocatalysts to degrade organic pollutants is recognized as one of the most promising areas of research and application. [1] [2] [3] On this regard, photocatalysts are used into the solid-liquid reaction system, especially for the treatment of toxic waste.
However, the main restriction factor of large scale practical applications of semiconductor oxide photocatalyst are follows: (1) High recombination rate of electronic-hole pairs resulting in low quantum yield for single-component semiconductor oxide photocatalyst. For instance, Sun and Bolton have reported less than 5% primary quantum yield of •OH radical generation in TiO 2 suspension. [4] (2) The limitation in the harvest of visible light. Generally, wide bandgap semiconductor oxides are employed as photocatalysts, for example, the bandgap value of anatase TiO 2 is 3.2 eV, and the corresponding absorption wavelength is 387.5 nm, resulting in limited light absorption of UV. Unfortunately solar spectrum consists only 5-7% of UV light, while 46% and 47% of the spectrum has visible light and infrared radiation, respectively. [5] (3) Poor selective adsorption and the complexity of intermediate products. For example, photodegradation reaction products such as CO 2 and H 2 O are easily adsorbed on the surface of TiO 2 in the gas-solid photocatalyst system due to its super-hydrophilicity and active sites. [6] The high oxidization potential energy of OH radicals can induce many backward reactions, such as oxidizing the intermediates and products converted from the as-adsorbed CO 2 . [7, 8] (4) The photocatalytic treatment of high concentration organic pollutants from industrial waste poisons the photocatalyst resulting deactivation. In addition, it is difficult to separate a pure semiconductor oxide photocatalyst from the waste water treating system, [9] which further deactivates the photocatalysts. (5) High cost of photocatalyst industrialization. This factor limits the industrial applications of photocatalyst, hence research and development of low-cost, high-performance, and recyclable photocatalyst have became an important issue. [10, 11] As a hot issue, photocatalysis has witnessed a sea of change over the past two decades with significant advancements being made in the preparing of novel materials and nanostructures, and the design of efficient processes for the photodegradation of pollutants and the generation of energy.
Thus, the development of a simple recyclable photocatalyst can not only prevent excessive use of photocatalysts, but also the recovery of deactivated photocatalysts, thereby reducing the total cost, and further lower the overall usage of the photocatalytic material. Since visible light constitutes a large fraction of solar energy, one of the great challenges for photocatalyst study is to devise new catalysts that exhibit high activity under illumination by visible light.
Combining the magnetic iron oxide nanomaterials with semiconductor nanomaterials to form magnetic iron oxide/semiconductor composite photocatalyst system become a simple and effective method. In iron oxide/semiconductor system, iron oxide has many advantages, for example, low cost, high stability and compatibility, it not only plays the role of separating the photocatalyst from the solution, but also it can degrade the organic pollutants. [12, 13] The common metal oxide semiconductors like titanium dioxide (TiO 2 ), zinc oxide (ZnO), tungsten oxide (WO 3 ), tin oxide (SnO 2 ) are proven to be dynamic photocatalysts for organic dyes and pollutants, these semiconductors not only destroy the conjugated chromophoric system, but also breakdown the molecular structure of the organic dyes and pollutants into harmless CO 2 and H 2 O. As magnetic recovery photocatalytic materials, iron oxide/semiconductor oxides photocatalyst system can be effectively break through the bottleneck of lower activity under visible light and demanding recycling process from the products, and eventually become a potential visible light responsive MRPs in future.
Therefore, the design of iron oxide-semiconductor photocatalytic system is an essential prerequisite for both basic and applied research. If the system focuses on the magnetic recovery properties, the saturation magnetization value of used iron oxides should be not less than 1 emu/g, in order to separate by external magnetic field for further reusing and regeneration. If the system focuses on the photocatalytic performance, the used iron oxides should possess a relatively narrow bandgap value. For instance, goethite and hematite are often studied as photocatalysts in recent years because of their low band gap (2.2 eV). There are reported techniques to improve the photocatalytic performance of iron oxide-semiconductor system, such as composite heterostructure with narrow/wide bandgap, p-n heterojunctions, noble metal loading, plasmonic structure, graphene loading, etc. [14] [15] [16] Overall, an optimal iron oxide-semiconductor photocatalytic system design should meet the following requirements. First, the synthesis and preparation process should be both simple, facile with high-yield. Second, the composite system should exhibit an enhanced photocatalytic performance remarkably superior to existing naked iron oxide and pure semiconductor materials. Third, the composite photocatalyst should be recycled by the external magnetic field that facilitates easy reuse and regeneration. Finally, the composite photocatalyst should possess good photocorrosion resistance ability and stable at room temperature for months.
In this review, we will first describe the structure and mechanism of magnetic iron oxide-semiconductor photocatalysis system. We discuss different synthesis methods and recent advances of magnetic iron oxide-semiconductor nanomaterials. The potential of magnetic iron oxide-semiconductor based materials as photocatalysts is also examined. Finally, we discuss future prospects in realizing this technology and research directions.
2 Structure and mechanism for magnetic iron oxide-semiconductor composite photocatalysts
Magnetic iron oxides nanomaterials
As a common compound, iron oxide is widely distributed in nature and could be synthesized in large-scale. The application of small iron oxide nanoparticles has been practiced in in vitro diagnostics for more than 60 years. [17] Over the past few decades, the magnetic iron oxide nanoparticles with various morphologies and structures are widely fabricated because of the importance of basic research. On the other hand, magnetic iron oxides are of great interest for researchers due to wide range of applications, including pigments, magnetic fluids, catalysis, targeted drug delivery, biosensor, magnetic resonance imaging, data storage, and environmental remediation. [13, 18, 19] The iron oxides are composed of Fe together with O. There are eight iron oxides known to data. [20] Among iron oxides, the hematite (α-Fe 2 O 3 ), magnetite (Fe 3 O 4 ) and maghemite (γ-Fe 2 O 3 ) are the promising and popular candidates due to their polymorphism involving temperature induced phase transition. These three different crystalline iron oxides have unique biochemical, magnetic, catalytic, and other properties that make them suitable for specific technical and biomedical applications.
Magnetic measurements of the α-Fe 2 O 3 show obvious weak ferromagnetism, and its saturation magnetization is often less than 1 emu/g at room temperature. However, the γ-Fe 2 O 3 and Fe 3 O 4 show saturation magnetization up to 92 emu/g. [21] More importantly, the magnetic properties of iron oxide nanoparticles are related to its size and shape. For example, Demortière and co-workers have investigated the size-dependence of iron oxide nanocrystals on their structural and magnetic properties by fine tuning the size within the nanometer scale (diameters range from 2.5 to 14 nm).
The evolution of the magnetic behavior with nanoparticle size emphasizes clearly the influence of the surface, especially on the saturation magnetization (M s ) and the magneto-crystalline anisotropy.
Dipole interactions and thermal dependence have also been taken into account on the study of nanoscale size-effect on magnetic properties. [22] More recently, we have reported a comparative study on the magnetic behavior of single and tubular clustered Fe 3 O 4 nanoparticles. The results reveal that the coercivity of small iron oxide nanoparticles could be enhanced by the competition between the demagnetization energy of morphology and magnetocrystalline anisotropy energy. [23] Choi and co-workers have prepared Fe 3 O 4 nanoparticles with different shapes, including solid nanospheres and solid/hollow nanoellipsoids. All these structures were obtained by either adding the appropriate amount of sodium acetate (NaOAc) or using the anion exchange of β-FeOOH. All magnetite nanoparticles exhibited ferromagnetic behaviour with different values of saturation magnetization (M s ) and coercivity (H c ), and these values are highly depend on the shape due to their grain size, spin disorder, shape, and surface anisotropy. [24] In general, iron oxide nanoparticles become superparamagnetic at room temperature when the size of iron oxide nanoparticles are below ca. 15 nm, meaning that the thermal energy can overcome the anisotropy energy barrier of a single nanoparticle. If the semiconductor is coated on the surface of iron oxide, the M s value would decrease. There are number of magnetic properties for the characterization of naked iron oxides nanoparticles and iron oxides-semiconductor composite nanomaterials. The most important properties are the type and magnetization and can be determined from the hysteresis loops (M-H) and zero-field cooled/ field cooled (ZFC/FC, M-T) curves. As shown in Figure 1 , the saturation magnetization (M S ), remanence magnetization (M r ), corecivity (H C ) can be obtained from the hysteresis loop. When the naked iron oxide nanoparticles and iron oxide-semiconductor composite nanomaterials exhibit superparamagnetic, the M-H curve should show no hysteresis at a certain temperature (T > T B , blocking temperature). The forward and backward magnetization curves overlap completely. [23, 25] The general strategy for preparing magnetic iron oxide nanoparticles in solution phase is to separate the nucleation and growth of nanocrystals. Numerous synthetic methods have been developed to synthesize magnetic iron oxide NPs, including co-precipitation, [26] [27] [28] high-temperature thermal decomposition, [29] [30] [31] hydrothermal and solvothermal reaction, [32] [33] [34] sol-gel reactions and polyol method, [25, 35, 36] microemulsion synthesis, [37] [38] [39] sonochemical reaction, [40] [41] [42] [43] [44] microwave-assisted synthesis [45] [46] [47] [48] and biosynthesis. [49] [50] [51] Except the above-mentioned methods, other chemical or physical methods can also be used to synthesize magnetic iron oxide nanoparticles, such as the electrochemical methods, [52] [53] [54] flow injection synthesis, [55] aerosol/vapor methods, [56] [57] [58] etc. In literature, there are reports on the fabrication of magnetic iron oxide NPs. Here, we briefly review the recent advances on the synthesis of magnetic iron oxide-semiconductor composite nanomaterials (in Section 3).
Semiconductor nanomaterials
Semiconductor oxides (e.g., TiO 2 In addition to the aforementioned factors, other requirements such as low-cost, non-toxic nature (environmentally benign) and easily preparing should also be taken into consideration for photocatalytic degradation reactions.
The structure of iron oxides-semiconductors composite nanomaterials
In order to increase the range of applications of iron oxide nanoparticles, some functional As shown in Figure 3 , if the iron oxide nanoparticles are always assumed to be as core, the structure of iron oxide-semiconductor composite nanomaterials can be simply divided into four types:
core-shell structure, matrix-dispersed structure, Janus structure and shell-core-shell structure.
Core-shell Structure. In this structure, the iron oxides core is encapsulated by a semiconductor layer that renders the stability of the whole particle. Generally, the iron oxide nanoparticles are not located at the centre of functional semiconductor and this is known as yolk structure. Shell-core-shell Structure. In this structure, the magnetic iron oxide nanoparticles are located between two functional semiconductor materials. Several applications require magnetic iron oxide nanoparticles to be embedded in the nonmagnetic layers to avoid aggregation and sedimentation of magnetic iron oxide nanoparticles as well as to endow them with particular surface properties for specific application. In this structure, the two shell layers use the same or different semiconductors or one layer is a non-semiconductor material. [75] More importantly, understanding the relationship between the photocatalytic performance and the microstructures is a prerequisite for widespread applications. Therefore, design and controllable synthesis of the nanostructured photocatalysts, and further optimization of the microstructure and photocatalytic performance are still under broad investigation. [76] Prerequisite for every possible applied structure is the proper surface properties of such magnetic composite NPs, which determine their interaction with environment. These interactions ultimately affect the colloidal stability and photocatalytic efficiency of the composite particles.
Charge transfer mechanism
The charge separation mechanism in both capped semiconductor systems and coupled semiconductor systems involves the photoinduced electrons in one semiconductor being injected into the lower lying CB of the second semiconductor. Therefore, coupling semiconductors techniques do not always improve the photocatalytic performance by charge separation. The design of coupling semiconductors photocatalysts depends on the band structures of each component.
Generally, photogenerated electronic on the CB of a higher level semiconductor are injected into the CB of lower level semiconductor. As such coupled semiconductor photocatalytic systems bear great hope for next-generation solar energy harvesting and advancing environmental remediation techniques. Governments and researchers have devoted considerable interests and resources to such fabrication, characterization, and optimization. [77] In iron oxide-semiconductor system, the iron oxides can be a narrow band gap semiconductor, the band gap value of Fe 2 O 3 is about 2.2 eV, and absorb the visible light. For example, the work function (ϕ) of α-Fe 2 O 3 is 5.88 eV, which is higher than most common wide band gap semiconductors (TiO 2 is 3.87 eV, ZnO is 4.35 eV, SnO 2 is 4.3 eV, WO 3 is 5.24 eV, etc.). As shown in Figure 4a , the band configuration and photogenerated charge carriers separations at interface of iron oxide/semiconductor (wide band gap) under light irradiation are proposed. Under light irradiation, the photoinduced electrons and holes are separated at the interface of iron oxide/semiconductor, the photoinduced electrons in CB of iron oxide tend to transfer to that the CB of semiconductor due to the decreased potential energy, and hence the coupling structure reduces the electron-hole recombination probability and increases the electron mobility. Thereby the electrons and holes were transferred to the surface of iron oxide and semiconductor, respectively, and finally form hydroxyl radicals (·OH). The superoxygen radicals (·O 2 ) are formed by the combination of electrons with O 2 adsorbed on the surface of semiconductor. As a powerful oxidant, ·OH can degrade many pollutes, such as organic dyes, wastewater, plastics. However, capped semiconductors on the other hand have a core and shell geometry, as shown in Figure 4b . The electrons are injected into the energy levels of the core semiconductor (on condition that it has a conduction band potential which is lower than that of the shell). Hence, the electrons are trapped within the core particle, and is not readily accessible for the reduction reaction. [78] Introduction of interlayer into the iron oxide-semiconductor heterojuction for tailoring the photocatalytic efficiency is another option. As shown in Figure 5 , when the insulator SiO 2 layer is introduced, the photogenerated electrons in CB of iron oxide are not able to transfer to the CB of semiconductor. However, form our previous reports and Christopher's reports, the photogenerated electrons can still transfer if the thickness of SiO 2 is less than 5 nm. [79, 80] Therefore, the thickness of SiO 2 is a key factor and responsible for the photocatalytic abilites of iron oxide-SiO 2 -semiconductor system. As an alternative, photogenerated electrons in CB of iron oxide can transfer to the CB of semiconductor via a carbon interlayer, which behave as an electron conductor to enhance the electron-hole separation. layer, semiconductors such as TiO 2 with excellent electrochemical-and photochemical-stability can be used on the surface of iron oxide to improve the stability of the catalysts.
Synthesis of Magnetic Iron Oxide-Semiconductor Composite Nanomaterials

Seed-mediated Growth Strategy
As shown in Figure 6a , the seed-mediated growth strategy is the most common method for synthesizing high-quality magnetic iron oxide-semiconductor composite nanomaterials, especially the preparation of core-shell heterostructures. A typical growth protocol involves the addition of magnetic iron oxide nanoparticles, as seeds, to the bulk semiconductor growth. The as-prepared composite nanoparticles is used for targeted drug delivery. [89] In addition, the semiconductor nanoparticles can also be seeds for the synthesis of iron oxide-semiconductor composite nanomaterials, and this strategy is often employed to fabricate the iron oxide/semiconductor with Janus structure (Figure 6b) 
Step-by-Step Deposition Strategy
Step-by-step deposition strategy is mainly used to prepare iron oxide-semiconductor composite multi-shells structure. [94] [95] [96] In fact, the need for a better control over surface properties or to protect the iron oxide itself, an interlayer was introduced in the magnetic iron oxide-semiconductor system to form multi-shell structure, as shown in Figure 7 . 
Other Strategies
Except the above two conventional strategies, some new synthesis or preparation methods have also been used to fabricate the iron oxide-semiconductor composite nanomaterials, such as ion implantation method, spray pyrolysis, microwave, and sonochemical method. [110] [111] [112] As shown in Figure 8 , we first dropped the hematite seeds onto the surface of clean slide and 
Magnetic iron oxide -TiO 2 photocatalysts
TiO 2 , the semiconductor most thoroughly investigated in the literature, seems to be the most promising photocatalytic material for the destruction of organic pollutants. This semiconductor provides the best compromise between catalytic performance and stability in aqueous media. 
Magnetic iron oxide -SnO 2 photocatalysts
As an n-type wide-bandgap semiconductor (~3.8 eV), tin oxide (SnO 2 ) has proved to be a material of exceptional technological importance due to its unique properties, including high stability and lithium storage capacity, and it is currently used to prepare photocatalysts. The objectives of On the other hand, fabrication of magnetic recovery iron oxide-SnO 2 composite photocatalyst system is also attractive for various reasons. As shown in Figure 11 , 
Magnetic iron oxide -ZnO photocatalysts
Indeed, the photocatalytic performance of pure ZnO nanomaterials is not weaker than the TiO 2 .
However, it is unstable under illuminated aqueous solutions with Zn(OH) 2 being formed on the particle surface and results in catalyst deactivation. Owing to the photocatalytic performance of Recently, new semiconductor oxides have been used in photocatalytic application, such as reports on the synthesis of magnetic iron oxide-semiconductor oxides are very scarce so far, and it is worth studying on various ways to introduce semiconductor oxides into iron oxide-semiconductor system and to improve the photocatalytic ability.
Magnetic iron oxide-metal chalcogenides semiconductor composite photocatalysts
Currently, the proportion of using semiconductor oxides in photocatalysts is large, however, the semiconductor sulfides such as ZnS, CdS, Bi 2 S 3 , SnS 2 , ZnSe, etc. have also been attractive due to the importance of their special quantum confinement effect. [93, [152] [153] [154] [155] [156] As a competitive alternative, the application of magnetic iron oxide-semiconductor sulfides is a relatively new technology. The optical properties and photocatalytic performance of semiconductor sulfides could be different from their oxide counterparts. Additionally, some ternary semiconductor sulfides have been used in the application of photocatalyst, such as Zn x Cd 1-x S, ZnIn 2 S 4 , CuInS 2 , etc. [160] [161] [162] [163] [164] [165] However, there is no literature report on iron oxide-ternary semiconductor sulfides composite photocatalytic system. More importantly, the toxicity of the semiconductor sulfides should also be considered in practical application.
Multiple semiconductor shells photocatalysts
The synergetic effects of multiple semiconductor photocatalysts have been observed extensive in photocatalytic degradations. In core-shell-shell structures, the first semiconductor shell layer can offer special active-sites for the adsorption/reaction of reactants/reaction intermediates. The second semiconductor shell layer could also influence the overall band configuration via altering the bandgap absorption and to separate the photoinduced charge carriers. [166] [167] [168] Moreover, semiconductors with narrow band gap can expand the spectral response range. As shown in Figure   15 , by introducing semiconductor heterojunction on the surface of magnetic iron oxide nanomaterials, magnetic recovery photocatalysts are obtained. [14, [169] [170] [171] For example, Chen and co-workers have synthesized three types of ellipsoidal complex hollow structures with the shells assembled from anatase TiO 2 nanosheets with exposed (001) facets by utilizing silica-coated hematite (α-Fe 2 O 3 ) nanospindles as the starting templates. As shown in Figure   16 , the α- In addition, a gradual loss of photocatalytic activity was observed in reusability test of CdS-TiO 2 /Fe 3 O 4 composites, and degradation of X-3B reached to 78.9 % after five runs. [173] Obviously, photocatalysts with multiple semiconductor shells can effectively improve the photocatalytic abilities.
Summary and Perspectives
Several fundamental issues must be addressed before the photocatalysts are economically viable for large scale industrial applications. Apart from offering easy separation of the photocatalysts from the reaction system, magnetic iron oxide-semiconductor photocatalytic system, which interfaces chemistry with materials science, possesses a unique position in the advancement of heterogeneous photocatalysis. Table 1 depicts the representative magnetic iron oxide-semiconductor photocatalysts and their photocatalytic performances. Though a lot of effort has been made in design and fabricating magnetic iron oxide-semiconductor composite photocatalytic system, it is still a field of research in modern photocatalysis and following issues are still need to be addressed. can not only provide a high quality two-dimensional photocatalyst support, but also a two-dimensional circuit board, with an attractive potential to harness their perfect electrical and redox properties. There are few literature reports on composites of graphene with magnetic iron oxide-semiconductors photocatalytic system. [177] (3) At present, a large number of fundamental and applied research of photocatalysis are focused on the synthesis and modification of new photocatalysts, nevertheless, with those endeavour, the effect of photocatalysts microstructure on their photocatalytic performance still cannot be understood, understanding the relationship between these two parts is a prerequisite for broad applications of composite nanomaterials in photocatalyst. However, the understanding of interface effects, coupling mechanism, photocatalyst life, deactivation and the regeneration mechanism are still relatively weak. [178] As a heterogeneous catalytic reaction system, the semiconductor photocatalytic materials would be deactivated in the practical application, such as the photocatalytic effiency of P25 TiO 2 becomes very low after 3 cycles under sunlight. Therefore, deactivation and the regeneration mechanism of semiconductor photocatalysts should be reinforced.
As a key issue for practical applications, the facile method to increase the photocorrosion suppression ability, the life and stability of magnetic iron oxide-semiconductor composite photocatalytic system must be further developed and improved. To date, the underlying photocorrosion mechanism for the iron oxide-semiconductor composite photocatalyst is not clear, and systematic studies are necessary. Many methods have been used to reduce the photocorrosion of pure semiconductors, such as graphene composites, [179] graphene oxide, [180] quantum dot, [181] , etc, and these materials can be introduced in magnetic iron oxide-semiconductor composite photocatalytic system. Moreover, recycling and regeneration is also an effective method to extend the life of deactivated photocatalyst. However, reports on the above mentioned issues are scarce so far.
(4) Although a great effort has been made in the past years to unravel the mechanisms of bi-/ternary and multiple composite photocatalysts, it is still a challenge for various researchers. To develop an efficient heterostructural photocatalysis system for large-scale industrialization, understanding of the kinetics and mechanisms of these charge transfer processes is very important. (5) In fact, the photodegradation of pollutants is mainly used the suspension of semiconductor nanomaterials in this field. However, from a practical point of view, there are many limitations of using photocatalyst suspension, such as requirement of large photo-reactors, hard to filtrate the nanoscale photocatalyst, etc. Owing to the catalytic mechanism of these synthesized photocatalyst are very complicated, the pure semiconductors and α-Fe 2 O 3 /semiconductor composite photocatalytic systems are hardly recycled by extern magnetic field due to its weak magnetic response. As shown in Figure 17 , these photocatalysts can be printed on the rigid or flexible substrates as photocatalytic array or patterns, including screen printing, [187] [188] [189] offset printing, [190] inkjet printing, [191] [192] [193] gravure printing, [194] etc. [195, 196] These printed patterns with semiconductor photocatalysts can be also recycled. Therefore, combining and developing more practical methods to use these composite photocatalytic system should be further reinforced.
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